Using impedance spectroscopy, we have determined models for the elements which determine the ac electrical behavior in electrowetting on dielectric (EWOD) systems. Three commonly used EWOD electrode configurations were analyzed. In each case, the impedance can be modeled by a combination of elements, including the solution resistance, the capacitance of the dielectric layer, and the constant phase impedance of the electrode double layers. The sensitivity of the system's impedance to variations in the electrowetted area is also analyzed for these common configurations. We also demonstrate that the impedance per unit area of typical EWOD systems is invariant to bias voltage.
Introduction
There has been considerable recent interest in electrically manipulating microscale volumes of liquids for applications as diverse as lab-on-a-chip microsystems [1] [2] [3] [4] [5] , liquid lenses [6] , e-reader displays [7] [8] [9] , and MEMS actuators [10] [11] [12] [13] . In each case, electrowetting on dielectric (EWOD) is used to change the configuration of a droplet, such as its location, contact angle, shape, and/or volume. EWOD is a phenomenon where a voltage applied to a conducting liquid on a dielectric covered electrode causes the liquid to spread over the dielectric surface [14] . The relationship between wetting angle and applied voltage is described by the Lippmann-Young equation: where θ is the apparent contact angle, θ Y is the Young's equilibrium contact angle with no applied field, ε 0 is the vacuum permittivity, ε r is the dielectric constant, t is the dielectric thickness, σ lv is the liquid-vapor interface tension, and V is the applied bias across the dielectric layer.
EWOD characterization is generally conducted using direct optical observation of the droplet. While this is suitable for research investigations, optical methods are impractical in devices where the electrowetted droplet is a functional part of a larger system. In such cases, having an integrated means to interrogate the droplet configuration would be highly desirable. In this work we explore the possibility and prerequisites of using already existing electrical contacts to characterize droplet configuration in EWOD systems via impedance measurements and modeling. The basic idea is that the measured impedance in a properly configured experiment, together with parameters characterizing the dielectric properties, is capable of giving a direct measure of the electrowetted area. By taking advantage of the speed and sensitivity of electrical test instruments, we can characterize the electrowetted area quickly and with great precision. The wetted area data may in turn provide other parameters of interest regarding droplet configuration, including contact angle, droplet volume, etc. through capillary bridge shape modeling. Several EWOD experiments [15] [16] [17] [18] [19] that utilized capacitance measurement method were developed in the past decade. However, the systems discussed in
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Impedance spectroscopy and electrical modeling of electrowetting on dielectric devices X Hu 1 , M Mibus 2 , C R Knospe 3 , G Zangari 2 and M L Reed 1 these works contain dielectric layers that are relatively thick (~μm). When devices scale down and dielectric layers become thinner, for the benefits of achieving the same wetting effect with a lower bias, the impedance of the dielectric layer and its proportion of the total impedance of the system can be greatly changed. As a result, a simple capacitance measurement of the system may not be able to easily and accurately reflect the wetted area and liquid drop shape.
Three electrode arrangements are commonly seen in EWOD experiments and applications. These arrangements, shown in figure 1, are: (a) a sessile droplet placed upon a dielectric covered planar electrode with a metal wire inserted into the drop as the counter electrode; (b) a liquid drop sandwiched between two parallel plates, a bare electrode and a dielectric covered electrode; and (c) a parallel electrode configuration similar to (b) except that both of the electrodes are covered with dielectric layers. To achieve a thorough understanding of the electrical properties of these EWOD systems and the potential for electrically characterizing droplet configuration, we have experimentally examined the impedance spectra of each of the interface elements that appear in figure 1 and have developed equivalent circuit models. The experiments that we present were all designed so that no electrowetting would occur during impedance measurement. This allows the wetted area in each case to be independently controlled from the electrical bias used and to be precisely measured.
Experiments

Materials and experimental setup
Electrodes used in our tests include gold bonding wires, gold plates, and indium tin oxide (ITO) coated glass slides. The gold wire was 25 μm in diameter, sufficiently small to have little influence on droplet shape when inserted. The contact area between the gold and the liquid was controlled by partially coating the wire with a thick insulating layer of nitrocellulose. Planar electrodes were fabricated on silicon wafers by depositing a 100 nm thick gold layer using an electron beam evaporator. All samples were cleaned using standard micro-fabrication cleaning procedures to minimize surface contamination. The ITO coated glass slides (30-60 nm thick ITO, obtained from Sigma Aldrich) had an optical transmittance greater than 84%, allowing the verification of the wetted area through direct optical observation.
The dielectric was a hydrophobic fluoropolymer, Cytop CTL-809 M, supplied by Asahi Glass. The Cytop was diluted to a 1 wt% solution by mixing with solvent CT-Solv.180, and was deposited on planar electrodes by spin-coating (2000 rpm, 30 s). In our experiments, multiple spin depositions were employed to achieve the desired thickness. A short-duration, low-temperature partial drying step was carried out at 90 °C for 15 min before applying the next layer. A 1 h final cure at 160 °C was employed to fully remove the remaining solvent, which improves layer adhesion to the substrate and reduces pinholes and defects intrinsic to the fluoropolymer material [20] .
The impedances were measured using an HP 4192A Impedance Analyzer. The test signal consisted of a zero dc bias voltage with a small ac perturbation. The instrument has a full frequency range of 5 Hz to 13 MHz and a full oscillation level of 5 mV to 1.1 V. To achieve a better resolution of the measured results and to guarantee that the test ac signal does cause any EWOD effect, a nominal frequency range of 1 kHz to 13 MHz and a perturbation level of 10 mV were chosen. With the frequency range and perturbation level of our choice, the instrument is capable of achieving a resolution better than 0.1% of the full-scale range. Multi-strand Litz wires were used to connect the sample to the instrument to reduce the parasitic resistance from the leads arising from the skin effect at high frequencies [21] .
Results and discussion
Wire electrode/liquid interface
The first experiment examined the impedance of a dual gold wire/electrolyte solution interface.
As is shown in figure 2 (a), the experimental setup consists of two partially insulated Au wires inserted into a sessile drop of x mol/L Na 2 SO 4 solution (x = 0.005, 0.05, 0.5). The length of the bare wire segments was about 800 μm. Typical impedance spectroscopy results are shown in figure 2(c) for three different solution concentrations. In each curve the double layer capacitance is dominant at low frequencies, yielding a phase close to −90° and a magnitude slope of −1 decade per decade of frequency. Over the middle and high range of frequencies the impedance is dominated by the droplet resistance, where the phase approaches 0° and the magnitude curve has zero slope. The decrease in phase at very high frequencies (and corresponding fall in impedance magnitude) is due to the stray capacitance of the test fixture and instrument leads. The stray capacitance, which is effectively in parallel with the device under test, is very small, typically a few pF. Such a small capacitance yields a parallel stray impedance orders of magnitude greater than the device impedance at low frequencies. The measured impedance is therefore dominated by the device impedance over much of the frequency range examined, since the smaller impedance largely determines the total impedance in a parallel circuit. At high frequencies, however, the stray impedance is much smaller as it is inversely proportional to frequency. For electrolytes having a larger bulk resistance (i.e. lower concentration) the stray impedance then becomes non-negligible at high frequencies, causing the phase to decrease towards −90°.
The equivalent circuit representing the system (ignoring the stray impedance) is a series combination of the electric double layer (EDL) impedance at the electrode/ electrolyte interface Z EDL1 , the resistance of the bulk electrolyte solution R S , and the electric double layer impedance at the counterelectrode/ electrolyte interface Z EDL2 in figure 2(b). The total impedance Z is thus
Ideally, the electric double layer elements exhibit capacitive behaviours in the absence of Faradaic processes. In our experiments, however, the double layer invariably behaves like a constant phase element (CPE), where the impedance can be described by a power-law function of frequency [22] :
The CPE model describes the frequency dependence of the double layer impedance observed in electrochemical experiments; empirically, the exponent α is in the range 0 < α < 1.
When α = 1, the impedance reduces to that of an ideal capacitor whose capacitance is
. Current models for the origin of CPE behaviour focus on two mechanisms: (1) the rough surface (with a porous or fractal geometry) of the electrode alters the effective solution resistance, which, combined with a uniform double layer capacitance, results in a phase angle independent of frequency [23] ; (2) current density inhomogeneity caused by the atomic scale inhomogeneity of the electrode surface acting jointly with kinetic process such as phase transition and anion adsorption [24] .
Numerical values of the parameters K and α in the equivalent circuit were found by fitting the model to the experimental data using a multidimensional nonlinear minimization technique. Figure 3 shows the experimental magnitude and phase data and the corresponding fitted result for the test using the 0.5 M Na 2 SO 4 solution. The stray element is also included in the fitting to account for the impedance at high frequencies. In order to correctly model and predict the electrical behaviours of the EDL element at the electrode/ electrolyte interface, the CPE model must be used instead of a first order RC model. Yet since the CPE power parameter α is close to unity in our experiments, the K parameter should correlate to the EDL capacitance and the contact area to some extent. In this experiment, the wire electrode/ electrolyte interface has an area of ~10 −4 cm 2 (note that the wire length is ~800 μm and wire diameter is ~25 μm). Taking the EDL thickness t EDL to be 0.7 nm and the EDL dielectric constant ε r_EDL to be 6 [25] , the EDL capacitance is calculated to be
, which is on the same order of magnitude with the fitted parameter K −1 . Therefore, although a simple capacitor model is not able to describe the electrical behaviours of the EDL element precisely, it is capable of providing a rough estimation of the EDL impedance. The same values of parameters K and α also provide good fitting of the test data for the 0.05 M and 0.005 M Na 2 SO 4 solutions.
Planar electrode/liquid interface
The second experiment examined the impedance of the dual planar gold electrode / electrolyte interface. In this experiment, a droplet of solution (~20 μL) was sandwiched between two gold electrodes, as shown in figure 4(a) . The wetted area on each electrode was controlled using an insulating O-ring (inner diameter ~0.23 cm, thickness ~0.16 cm) to define the contact line. The equivalent circuit for this configuration is identical to that in figure 2(b) . Typical measured impedance spectra for this experiment (using 0.5 M Na 2 SO 4 ), along with the fitted model are shown in figure 4(b) .
The CPE power parameter α is different between the wire and the planar electrode configurations. The reason for this variation is not understood at this time. The parameter K in the model of the wire experiment is significantly larger than that in the planar gold electrode test, which can be attributed with confidence to the significantly smaller wetted area of the wire/ liquid interface in the wire test. Assuming a cylindrical shape for the drop (lower radius is 0.23 cm and height is 0.16 cm) and a 42.7 mS cm −1 conductivity for the 0. This is in fair agreement with the fitted value of 29.8 Ω.
Planar dielectric/liquid interface
The third experiment examined the planar dielectric/ liquid interface using the setup shown in figure 5(a) , where a liquid drop is sandwiched between two parallel ITO electrodes, each covered with a Cytop film. (Since the ITO has a relatively large sheet resistivity (30-60 Ω sq
−1
). Its impedance may not be negligible when considering the total impedance of the system. To solve this, the upper and lower plates were assembled so as to make the ITO resistance contribution constant in all of the experiments, regardless of changes in droplet position.) Measured impedance magnitude and phase spectra and the extracted reactance spectra are shown in figure 6 .
The system has an equivalent circuit ( figure 5(b) ) consisting of several lumped elements in series: the dielectric (Cytop) capacitance, the solution resistance, and elements characterizing the electrode double layers. Since the upper and lower contact diameters were confirmed to be identical via optical microscopy, the dielectric capacitances and double layer impedance of the upper and lower plates are taken to be the same. As discussed in the previous section, the double layer impedance is well described with the CPE model. The total impedance can then be expressed as 
where d is the contact area diameter, and t cytop is the Cytop layer thickness. The last line of this expression illustrates that both the resistive (real) and the reactive (imaginary) components of the impedance are not simple functions of frequency. However, as can be seen in figure 6(b) , the experimental reactance spectra are linear in frequency, indicating first order RC behaviours. The double layer thickness is much smaller than the dielectric thickness (by at least an order of magnitude), so the impedance associated with the dielectric capacitance dominates that of the double layer (note that the area of both are the same). As a result, the total impedance is determined by the dielectric. The error when ignoring the double layer in this experiment is of the order of 0.01%. Therefore, the third experimental setup can be well modeled without resort to any CPE terms, i.e.
Typical impedance spectra along with the fitted models are shown in figure 7 . The diameter d of the wetted area in this case was 2.3 mm, the Cytop thickness t cytop was 29 nm, and the dielectric constant of Cytop ε r was 2.1. Data from experiments with other wetted areas could also be modeled well with the RC model. The only difference is that a proportionally scaled dielectric capacitance and bulk resistance must be used due to the difference in wetted areas.
Impedance of typical EWOD arrangements and implications for area determination
We first consider the total impedance of the three EWOD setups shown in figure 1 with the goal of determining the dominant impedance (if any) in each case. Such an analysis indicates the degree to which the total impedance is dependent on the wetted area of the dielectric. The analysis, therefore, indicates to what extent impedance data can be used to identify wetted area.
EWOD with wire electrode
We now examine the impedance of a typical EWOD experiment, consisting of a sessile liquid droplet on a planar dielectric-coated electrode with a thin wire inserted into the droplet as the counter electrode, as shown in figure 1(a) . The equivalent circuit of this configuration is a series combination of the EDL impedance at the wire/liquid interface, the bulk resistance of the droplet, and the dielectric capacitance at the liquid/ planar dielectric interface, therefore
S dielectric (6) We now examine the relative magnitude of these terms. As the exponent α is close to 1 in all cases, the EDL impedance can be fairly well approximated as a parallel-plate capacitor with area A EDL and thickness t EDL . Thereby, equation (6) can be approximated as
The impedance ratio of two capacitances is then
In equation (8), t EDL is typically less than 1 nanometer for concentrated aqueous solutions [25] , and t dielectric is generally tens to hundreds of nanometers in most thin-film EWOD systems. Thus, the order of magnitude of the first term t t / EDL dielectric would be approximately 10 −1 ~ 10
. The second term, ε ε / r r dielectric E DL , is in the range of 10 −1 ~ 1, taking typical values of ε r dielectric to be 2.1 (Cytop), 3.9 (SiO 2 ), or 9.1 (Al 2 O 3 ) and ε r EDL to be 6 [25] . The liquid/dielectric interface area A dielectric is much larger than the thin wire/liquid interface area A EDL , by a factor of 10 4 ~ 10 5 . Therefore, Z Z / EDL dielectric will normally take a range from 1 to 10 4 . As a result, Z EDL is typically much larger than, or at least comparable to Z dielectric , taking a dominant role in the impedance spectrum. Therefore, to use the total impedance of the system as a measure of the wetted area of a sessile drop, the top wire must have a much larger area than typical (perhaps via high porosity) to compensate for the great disparity in thickness between the two capacitive elements.
To more concretely support this conclusion, let us consider this setup with some typical numbers. Consider an aqueous sessile drop with a Cytop layer in an air ambient environment. Typically a sessile contact angle of 110° is exhibited. For a 10 μL-scale sessile droplet, the radius of the contact circle is approximately 2 mm. In thin-film electrowetting applications, the thickness of the dielectric layer ranges from tens to hundreds of nanometers. If we assume the Cytop thickness to be 50 nm to 500 nm, this will result in a dielectric capacitance of 4.67 to 0.467 nF. At 1 kHz, this dielectric capacitance yields an impedance magnitude of Ω × 3. 4 10 4 to Ω × 3. 4 10 5 . The other important component that has a non-negligible contribution to the total impedance is the EDL at the wire electrode/ electrolyte interface. Assuming one uses the same wire with a similar contact area as the experiments illustrated in section 3.1, this EDL will contribute an impedance of
( 4.10 10 ) ( 2 1000) 10 EDL 8 0 .95 5 at 1 kHz. Therefore, in this setup, the EDL component at the wire/ liquid interface dominates the total impedance. Given the fact that the EDL impedance changes with various applied bias [27] , the total impedance spectra would not intuitively reflect the wetting behaviour at the dielectric/ liquid interface.
EWOD with planar electrode
For EWOD setups with a parallel plate configuration as shown in figure 1(b) , the equivalent circuit is a series combination of the EDL impedance at the upper plate interface, the bulk solution resistance, and the dielectric capacitance at the lower plate interface. This is similar to the scenario analyzed in section 4.1; the only difference is that the EDL element here has an area comparable to the dielectric capacitor. The impedance ratio of the EDL capacitance and the dielectric capacitance can still be described with equation (8) , as discussed in section 4.1, the dielectric capacitance will dominate the total impedance spectrum.
We now consider this setup with some typical numbers. If the upper plate is a planar gold electrode similar to that in section 3.2, a good estimate of the impedance at 1 kHz contributed by the EDL element at the upper interface with a contact area of about 0.16 cm 2 would be in magnitude at 1 kHz, which is 2 to 3 orders of magnitude larger than the EDL impedance at the same frequency. Therefore, in this setup, the dielectric capacitance dominates the total impedance, and the wetted area can be directly extracted from the impedance spectrum of the system.
EWOD with insulated electrodes
For EWOD setups using insulated electrodes on both sides, as shown in figure 1(c) , the situation will be the same as that examined in section 3.3. The EDL element at the dielectric/ liquid interface is negligible and the total impedance spectra is a reflection of the series combination of the dielectric capacitance at the upper and lower plates.
Invariance with varying bias
For the above models to be employed in determining droplet configuration in an EWOD system, the capacitance per unit area must be invariant to changes in the bias voltage applied. To demonstrate this, we measured the Capacitance-Voltage characteristic of a EWOD setup with parallel planar electrodes. The bare electrode plate is an evaporated gold surface, while the other electrode is an aluminum layer, covered with an anodized aluminum oxide layer (43 nm) and a Cytop hydrophobic layer (17 nm). The aqueous electrolyte used is a 0.1 M Cs 2 SO 4 solution. The change in cation from previous tests does not affect the results presented. The schematic of the setup is similar to that shown in figure 1(b) , except that the liquid drop's contact line is pinned on both plates by an insulating paint that defines circular regions. The contact area at the electrode/ liquid and dielectric/ liquid interface have diameters of ~0.37 cm and 0.28 cm respectively; their areas are fixed. During the experiment, the bare gold electrode is grounded while the aluminum electrode is positively biased. Bias voltage is swept from 0 to 10 V, with a step of 0.2 V. A 10 mV sinusoidal perturbation voltage at 100 kHz is added to the bias for determining the impedance. A similar experiment was carried out with the same setup, the only difference is that the dielectric used was a thick Cytop hydrophobic layer (~457 nm). Measured C-V results are shown in figure 8 for both experiments.
As can be seen from the figure, the measured capacitance remained constant with varying bias in each experiment. As the contact area at the electrode/ electrolyte interface is larger than that of the dielectric/ electrolyte interface, with the analysis in the previous section, one may predict that the measured capacitance is a direct reflection of the dielectric capacitance. Using the dielectric permittivity, thickness, and the contact diameter, the dielectric capacitance of the Al 2 O 3 / Cytop bilayer was estimated to be 4.23 nF, which closely matches the measured value. Therefore, the capacitance of the system is a direct measure of the contact area at the dielectric surface, and, since the wetted area is held fixed in the experiment, the capacitance per unit area is invariant to the bias voltage used.
Conclusions
The electrical properties of several experimental EWOD configurations were analyzed using impedance spectroscopy. Models were developed and validated using experimental data. The wire electrode/ liquid interface and planar electrode/ liquid interface exhibit electric double layer behaviours which can be well characterized using a constant phase element (CPE) model. The planar dielectric/liquid interface comprises a series combination of the dielectric capacitances and the electric double layers, yet exhibits first order RC behaviour overall since the dielectric capacitance dominates that of the CPE in the impedance spectra.
Three typical electrowetting setups were examined. For (a) a conventional setup with an inserted wire, the EDL at the wire electrode dominates the impedance spectrum. For (b) a parallel plate setup, with one plate being a bare electrode and the other covered with a dielectric, the impedance of the EDL element at the bare electrode plate is much smaller in comparison to the dielectric capacitance. For (c) a parallel plate setup with two dielectric covered electrodes, the impedance is dominated by the series combination of these dielectric capacitances and the EDL can be ignored. Therefore, in order to interrogate drop configuration via impedance spectroscopy, EWOD setups need to be properly designed so that the dielectric capacitance dominates the total impedance spectrum of the system. This can be achieved for either parallel plate setups we have described. The inserted wire setup can only be used if the surface area of the wire is greatly enhanced.
